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CaEFIDZUNTIAL 1.

SCOi.OST.II STUDY CU 1:AT;=ILLS
FORUS b ' 'LLPHOSPH02UJLI.IND SThPHFLZ B,. RING FUELS

P,"RT TH.2E

EX!III2.TIN 03 CQ';2USTIOII C11:1.3 11 C 0:,PC['1,:TS

1. The p,'otection offered by oxide films and corrosion product (-iwing
the static laboratory tests was not reproducible under combustion condi-
t2oiIs. -he action of fast-moving gas and/or liquid droplets of mcta-
rhoas horic acid in the combustion system led to extremely high motel loss
by e:.'s-.on as well as corrosion.

2. ... s pcz't of the report includes a microscopicvl study of sections
tc.-en frora demoged components after exposure to phosp'orus-plosphorus
soscuisulphide (PPS) combustion products. The examinations were carried
out at various stages of the PPS progrnmme, principally to give sormte
5nJication± .s to the cause of damage.

3. Tl ..:Vport shows that damage can be caused by

(a) corrosion and erosion of materies by liquid phosphoric acid
contained in the moving co:wbustion sizeam. Products of the
reaction were found to bu metallic metaphosphates and hydrogen.

(b) corrosion and erosion of miatericis by phosphoric coid vapour,

the prod1ucts of reaction being phosphides or phospl.ide eutectics (7cpent:Lg
on thc distribution of phosphorus.

C ONC LUSIONS

4. The mechanisms of attack associated with metrls when exposed to tho
phospI o:'; s-p.'h osphorus sesquisulplide (P7S) combustion gases wer z found to
T'e si: i3., to those shoin by motels when exposed to the synthetic coi.b)us-

.-on ctmos., eres used for the stetic laboratory tests.

5. The protection offered by aiher.n: corrosion product durinE stxt:ic
testL was not reproducible under combustion conditions. The action of
fcst-mov-ig gt.s -nd or liquid drcplets of metaphosphoric acid in the comn-
bust:.on ch.ber led to high loss of metal by erosion as €.ell as corrosion.

6. i.-,,-::osphoric acid vapour *.vs considered responsible for the 1:roduc'
tion of ptsllic phosphides. Combustion trials lasted only a hattcr of
mL-utL.s. ,von so, the mtvllic scales wore found to contain sufficient
*C)5 o~'vis to support phosphide fo.Eation.

7. -, short periods of exposure led to uneven distribution of fhopioras
in the attc.kud areas cn& eutectic distribution was not so chsarct,ri~tic
as compared with the resul ts from the much longer exposures associated with
laborator- tests.

C C-T. -D nT 1A!,



2.

RZCCQ1 :QD"LTIa'S FOR PUTURE T;OR

8. i~uttu-e work shouldoinclude the use of

(a) micro-r-nalysis technicues to identify surface and grain boundary
reactions of alloys whon exposed to the PPS combustion rroO cts,

(b) :-ray iffraction technicues to identify deposits -nd corrozion
croducts formed.

utu.e ~wor>. should el3o include

(c) combustion trials using test samples of metals which fo=n solid
scales or corrosion product up to 15000C e.g. LEo, Tv, r, Li.

(d) Phosphorus-phosphorus sesruisulphide combustion tricls using
test samples of conventional materiols coeted with non netcllic
depozits e.g. elumLiia, silicon nitride -nd also with the shove
resistant metals cnd their alloys using vapour deposition or
electro-deposition as appropriate.



3.

DMODUCTION

. 'In ce.ition to corosive atmosphere vnd working tempereture, fL.ctors
such as flow rate of working fluid, non-equilibrium associated with prac-
tical co:-.buotion conditions cnd pressure within the system, must be included
in the ovei-all rssesmennt of matcriol or component damcge.

10. The protection offered by adh:r-jaig corrosion product during the
static l.boratory tests was not reproducible under practical combustion
conditions. The corrosion product when formed was readily removed by the
action of the gas etream. This affect led to conjoint attack, i.e. erosion
anld corros.on.

11. The : cport is based on a microscopical study of the surface end
structurvl characteristics of combustion chamber components after high-
tempcrcture exposure to the phosphorus-phosphorus sasquisulphide (PFS)
combustion products. The examinations were c-rried out at various stages
of the FLT programne principally to give some indication as to the case of

1.10Z e.

EIIiTION i : HIGH Tr 'SIL. SEE SCR:7-.,
(.'_D--!I'I'T 7 PLi'.TlO

a i.-- incat ion

I . _The hea End. last seven threads had been afcected, the ap-e-1'.rco
being thc.t of cn eroded surface (Figure I). The circumference of the head
had boon :z'.uced and the socket enlarged to such en extent that the "w'll
corresponding to one side of the hexagon had been removed almost co.mpl.toly

('~e2).

13. :iicroscocal_examination showed the material to hEve a uniform
mrtoitic type structure. X. htrdness survey along the length of the
screw Lave DI-li 460 maximum, DRI 440 minairpm indiceting the rbsenco of over-
heating or ony appreciable temperature gradient during the trial. -thn
scale covered the head and da;,cge threads of the screw. There wras no
e vic:c o 2' intercrystcllinc attc!cI:.

Conclusio.

14. It is considered thtt thc set screw had suffured drr.,oa by col'ros'on/
e'-o.:'.o. .. csion by flowing ecid probably contributed the major par-t of
the ~ae

!X.:IU,:TION 2: STJ.!fLZSS STEIL THLZ COUFLE

L-!' ct ion

15. Pioul'e 3 shows thct an aria of the probe approzimately 0.7 ich long
and haiJ the circumference wi'o had a highIay-polishcd appearance. 'pro-i-
natcly at the centre line of this area end adjacent to the tip of the njrobe
a loniiudiii& hole had been formaed.



1 6. ?uv'thcr examination revealed that the vwrll thickness had boon con-
sidaraolz, reduced rt the polished area, the area of maximum reduction
resultin; Ln a hole. The down stream side of the probe appeared heovily
pitted, probably due to a fora of abrasive blasting by extremely fine corn-
bustio:- p'oduct particles.

17. The thormocouple probes were not sectioned for microscopical
cxaa ma -ation.

C oncl ,:s ion

18. It is considered that failure of the thermocouple probe was pi.inci-
pally Iuc to erosion caused by fine codbustion product in the &as .tram.
The flow cf liquid droplets of phosphoric -cid would also produce a polished
and rounded surface.

T~maTR-L .J 0. 28

Test Con.::.tions

Luration of hot run - 130 seconds

rcaa final gas temperature - 7000C

ikl/0xJidant Ratio - 5 pcr cent fuel rich.

?.i tion

15'. The o uth and bore of the diluont ring were covered with a green
deposit of inorganic phosphrte. The rear face was partially covered viizi
a tnk acThcrent metallic scale. The scale was subsequently fouid to be
magnotic. The conical approach well . nd ercas adjecent to the water"

Lj.ction holes had been badly damaged (Figure 4). The ruar face elo
svJ'X'erod &ge (Figure 5), the corrosion/erosion pattern being depon-ont
cn the location of the water injection holes.

20. 1"croscopicr-l examination of sections cut from

(a) conical wall apr-roach

(b) areas adjacent to the injection holes amd rear face

sho:eJ: evidence of a metallic scale containing entrap.pod particles of phos-
phacte (i'u-e 6). i.roas within the scale showed dendritic charecteriatics
tszociatod with the freezing of liquid motel (igure 7). Subsocuont
etcing r:.vealad the phosphorus rich chr actor of the metallic scale but a
d.i"lite eutectic phase could not be clearly resolved (Figure 8).

21. iloe sc.;:iples were examined using the Electron 31.au X-Py micro-
cnalesor. The results rre detailed bclow. X-rcy imrges showing the
distribution of Fo, Ni, Cr, Cu, S ond P At the scale/oase metal interfaco

ore -%o.m in Figures 9 to 1 3 respectively.



22. The examination gave the following information. A slow scan for
nickel ac:-'os a line in the sample indicated that the nickel concentration
incre sed in the plain areas as compared to those areas in which a eutacI'ic
tjpe structure appeared. The concentration of iron in these plain aroas
was also found to be high while that of phosphorus appeared to be loaor.

23. The concentration of chromium in the phosphorus-rich region or scale
,"as low c'c,.. no marked concentration gradients were found in the stcoir] ess
stcel at tie base metal/scale interface.

2!:. *preciable quantities of copper wvore found in the scale LernorJaiy
evenly distributed. Small Quantities of sulphur wore detected !aainly
segregated at the metal/scale interface. The approximate concontw-ations
of Ilhos-horus, Copper and chromium in the scale were estimated to be IQ
4-. zad , respectively. The attack on moncl metal components up strzam of

the iluont ring can explain the presence of licuid copper phosphiae
c-tectic entrapped in the combustion stream and subsecuent prosznce of
thiL :,eta in the attacked surfaces of an alloy component oriinnaly free
frorn copper.

C one. usi ons

25. It is considered that the damage to this component was caused
pr.-ociprc.ly by high-temperature corrosion from phosphorus compounds.

26. The rdcroscopical examination reavlod the presence of surface
phodphides and phosphide eutectics. Micro-analysis confirmed the pr-.sonce
of -.hoLnhorus in sufficient quantity to support eutectic phosphice
fory,.z, .ion.

27. hse findings suggest that during the extremely short e posure
(1 3C seconds) the surface of the diluent ring exceeded 950C, i.e. the
miaimum temperature for ,'utectic formation. Liquid acid ettack !.ay have
ccntributed to the total damage suffered by the component but this effect
would only be of minor importance compared with phosphide formation.

E2U2:flATION ITO.. 4: TEST RXN.3

- Supersonic Nozzle.

.'antorial - 758J Stainless Steel protected with

0.003 inch gold.

.TQst Conditions - Duration of trial, 120 seconds. Mean
final product gas temperature, 4000C
Fuel/Oxidant ratio : 5 fuel rich.

_-r:...z.t ion

23. '-i upstream surface of the nozzle was covered with a green deposit
of ;;'Gtc.hosphato (Figure 14). The thro.t ara showed evidence of coating
fLiliu-' due to blistering. The exhaust arcc was badly blistered -nd
sLo.-:c dcposits of solid corrosion product, The reEr face of the nozzle
w;z ,..so '.cmaged (Figure 15).



6.

2c. 'etallurgical ex amination revealod that the blistering may have
resulted from the effeot of heat on poor quelity plating. Irregulox pile
up of gold 0.030 inch thick appear3d on the downstream surfaces. .:reas
\r70e visible where the gold had been completely removed leaving the bcrse
met-i. exposed to the combustion gases.

Concl.s ions

30. .1e examination failed to show positive evidence of direct choemica-l
..acti.on b~etween combustion phases and the protective gold. It is con-

sider&d that the damgo to this component was caused by

(P) chemical attack of the base motl through cracks and pores in
the protective coating,

(b) the action of the fast ioving gas/liquid acid stream over the
soft gold leyer.

31. iowever it is difficult to account for the large pile up of Cold on
the Eoiwmnream surfaces unless the temperature withiin the chamber was higher
than L.CC.

EXLiVMiTIC"T LNO : MS RWl NO. 3

Coi11nonents

(a) Zxperimental Blade: M--58J Stcinless Steel.

(b) Circular Rod used as 'Control' : Silver Steel.

Test r.onditions

(a) 1 uration of trial: 123 seconds.

(b) L ean final gas temperature: i000°C.

(c) Puel/Oxident Ratio: 5;:" Fuel Rich.

(d) Components exposed to the jot efflux from the combustion
chamber.

Stain2~ t~el Blade

32. Tzh leading edge of the blade suffered severe erosion while the centre
had beon virtually romovod lerving a vee shaped groove. The ape:: of the
groove .lmost reached the opposite edge of the blade (Figure 16).

33. ::icroscopical examination showod an almost continuous non-ad-horing
metallic scale at the damnged surfaces (Figure 17). Certain areas shoviod
evioncae of intercrystalline attack and deposits of metaphosphatQ asso-
ciatkcl iti the metallic scale, (Figure 16). Subsequent tching revealed
that t-o scale contained eutectic phosphides (Figure 19).



COI'TFID717TIAL 7.

Conclusi1ors

34,. It- -is consid,-red the7t the damvge to this Comnonent was caurocL -.y
roactie oon baSse metal and phosphoric acid (probably mota-phosphoric
va-,olu7, u t~Etly rcsulting in the formation of low melting poit 7hos-
phicics. Those com~pounds once formed would be rapidly removed lay tIhe action
of the C;as stroam.

SJ-21v--r '.~1used as "Control"

35. 2wtip of' the exposed iand had boon completely removed whilo the
r eia dcr cappevxod to be covered with P. dark metallic de:posit. 'This
Coposit was subscaucntly found to be extremely hard. and Porous (F--Ijurce 20).

36. ;-iroscopicaJ. oxainingtion of a longitudinal section cut f-.-ro the rod
reo: 7.c- ra rvpid change in microstructur, between unexposed end ec.',sC30
:areas. ±'h f'ormer showed a sph,,roidised structure related to thct of 'llTho

er~-aa2.condition of' the material. The lattc-r wras found to conoist of
corars: -az-rtonsita, a structure normeaLly .ssoci~tcd. with heating to tempora-
tur~s Joethe uppc-.r critical followed by rapid cooling. The Cleposit wes
foun-i t~o contain primary dendrites of mpartensite in a fine outcu-ic metrix.
Fi ,uro 21 sho%-.s the structura after otchiin. P't the steel/deposit mnt. afce.

37. .l-ctron Beam X-1Ray microanayi, Js of the doitshowcd that tho iron
content1- of the scalIe was iQ less than that of the base metal. The -phIos-

chrza i copper contents wero found to be approx-iretel1y 1.Fi juro 22
showr3 thec eloctron image of the area- seloznl-ed for anal~ysis. Fi'sures 23
rnS7 2,:. re Z'-rcy imres for phos-'ihorus a-nd iron respectively.

Conclusio*ns

38. -though phosphorus wvsfound in the deposit, the ie-,,tec tic xr;
w.scoasid zrod to be ussenticly transformad Ledeburite. This structure

,rob eblUy resulted from a temaperature exceedi:-g the equilibrium liq-,7iaus
i.e. for s;lver stool appro-:i.a'tey 13500 C.

3. ",- 1he -porous nature of the dep-osit inoy hfrve rusulted from gps-f'orr-ing
reavtion simailar to that of "carbon boil" in st.-el makcing. Thi3 riovuld re-

c' re(,,iovcl end oxidation of crbon from tha silve-r 3tcel/Cdopos-it to f'orm
carbon :2ono::-ite by the reaction

0f ., 2 *2C 0.

40. 2ho tpera. ure at the to~p of th'o rod may )l3e have bee7n ;.'aisod :Oovo
thc; ge. rou.: by cor-bustion of iron to phosphide.

0 ~i2i'TL
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Kingdom.
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